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SUMMARY 


Equations  for  predicting  the  transient  side  force  and 
yawing  moment  on  TACV  cars  due  to  a strong  side  gust  are  de- 
veloped. The  protection  afforded  by  side  rails  is  estimated. 

The  equations  account  for  transient  slender-body  effects  and 
growth  of  vortices  on  the  lee  side.  For  a vehicle  speed  of 
150  mph,  the  analysis  indicates  a side  gust  of  60  mph  would 
produce  a transient  peak  in  side  force  of  lx  the  steady-state 
value  for  the  first  car  to  4.3x  for  the  third  car.  An  unresolved 
uncertainty  of  a factor  of  two  in  predicting  the  steady-state 
side  force  on  TACV  models  in  wind-tunnel  tests  with  a moving 
ground  plane  is  attributed  to  flow  effects  between  the  vehicle 
bottom  and  the  ground  plane. 

Because  of  questions  regarding  ground-plane  simulation 
in  wind-tunnel  tests,  effect  of  side  rails  on  gust  airloads, 
and  the  airloads  due  to  passing  trains,  the  feasibility  of 
developing  a facility  for  measuring  forces  and  moments  on  moving 
models  is  explored.  It  is  concluded  that  a laboratory  facility 
with  a 25-30  ft  track  for  testing  1-ft  length  models  at  100  fps 
would  provide  useful  data;  principal  development  problems  would 
be  associated  with  model-support  vibration  and  model-balance 
measurement.  A larger  facility  with  a 120-140  ft  track  for 
testing  4-5  ft  length  models  would  provide  good  Reynolds -number 
simulation,  readily  met  model  guideway  tolerance  requirements 
and  greater  ease  of  measurement . 
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1 . INTRODUCTION 


At  the  speeds  being  considered  for  TACV,  ranging  from  150 
to  300  miles  per  hour,  side  gust  airloads  could  be  an  important 
design  factor.  For  example,  the  protection  against  gust  airloads 
provided  by  the  side  rails  of  a U-guideway  may  be  a critical  fac- 
tor to  guideway  selection. 

Conservative  estimates  (upper  bounds)  of  the  side  force 
probably  can  be  made  at  present,  but  available  data  indicate  this 
estimate  may  be  two  to  five  times  greater,  or  more,  than  might  be 
necessary  if  results  of  further  tests  and  analysis  were  available. 
A conservative  estimate,  although  satisfactory  from  a safety 
point  of  view,  could  impose  significant  sacrifice  in  ride  quality 
and  initial  cost  of  guideway. 

The  objective  of  the  study  reported  here  is  (1)  to  propose 
an  engineering  method  for  predicting  cross-wind  gust  loadings  on 
tracked-air-cushion-vehicle  (TACV)  configurations  in  trains  of 
one  to  three  cars  and  (2)  to  propose  a laboratory  facility  for 
measuring  cross-wind  gust  loadings  on  TACV  models. 

The  method  developed  by  Ruetenik  and  Brooks^  for  predicting 
the  aerodynamic  forces  on  a body  of  revolution  undergoing  indi- 
cial  sinking  (step  function  sinking  rate)  indicates  the  transient 
force  on  rearward  portions  of  a body  for  high  sink  rates  could 
be  as  much  as  5 times  greater  than  the  steady-state  value.  Air- 
loads during  the  brief  period  of  gust  envelopment  would  differ 
from  the  airloads  during  the  corresponding  period  of  indicial 
motion;  but  the  greatest  airloads  on  a body  suddenly  subjected 
to  a large  angle  of  attack  or  sideslip  are  expected  from  vortices 
formed  on  the  lee  side,  and  analysis  indicates  this  airloads 
peak  would  be  reached  well  after  gust  envelopment,  thereby  being 
essentially  the  same  as  for  indicial  translation  (provided  the 
relative  angles  of  sideslip,  etc.,  are  equal). 
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In  Section  2 the  method  of  Ruetenik  and  Brooks^  is  used  to 
estimate  the  transient  side  force  and  yawing  moment  on  TACV-type 
configurations  in  trains  of  one  or  more  cars.  Three  guideway 
side-rail  heights  are  considered:  0,  30  and  60  percent  of  the 

vehicle  height.  The  results  indicate  the  peak  transient  side 
force  and  yawing  moment  on  a single -car  TACV  (or  first  car  of  a 
TACV  train)  would  nearly  equal  the  steady-state  values,  the 
peak  transient  side  force  on  the  second  car  of  a multiple  car 
train  would  be  roughly  1 to  2 times  the  steady-state  side  force 
and  on  the  third  car  would  be  about  2 to  4 times  its  steady- 
state  value. 

Wind-tunnel  data  are  examined  in  Section  2 with  respect  to 
the  effect  of  vehicle  cross  section,  ground-plane  gap  height  and 
side-rail  height  on  the  steady-state  side  force. 

2 

Side-force  measurements  by  Grunwald  on  TACV-type  configura- 
tions in  a wind-tunnel  with  a moving-belt  ground  plane  indicate 
unresolved  differences  for  various  configurations  amounting  to  a 
factor  of  two.  Because  of  questions  regarding  ground-plane 
simulation,  effect  of  side  rails  and  effect  of  passing  trains, 
a feasibility  study  is  described  in  Section  3 of  a laboratory 
facility  using  moving  models  on  stationary  tracks  for  measurement 
of  airloads. 
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2 . ANALYSIS  OF  LATERAL  GUST  LOADS 


2.1  INTRODUCTION 

The  two  classical  unsteady  aerodynamic  models  are  the 
Kiissner  gust  with  a front  fixed  in  space,  leading  to  gust 
envelopment  at  the  vehicle  speed,  and  the  Wagner  model  of 
indicial  body  motion,  which  corresponds  to  instantaneous  gust 
envelopment.  Gust  envelopment  in  the  atmosphere  presumably 
falls  somewhere  between. 

Lateral  gust  envelopment  of  a side-railed  TACV,  compared  to 
aircraft  or  missile  envelopment,  is  complicated  by  passage  over 
the  windward  rail  in  front  of  the  vehicle.  The  cylindrical 
portion  of  the  body  may  be  close  enough  to  the  rails  that  the 
body  and  rails  here  can  be  considered  one  body.  Ahead  of  the 
body  the  siderails  are  a disturbance  to  the  flow. 

At  large  angles  of  sideslip,  such  as  20°,  the  vortices  on 
the  leeward  side,  formed  by  separation  of  the  viscous  flow,  are 
a principal  factor  in  the  loading.  Leeward  vortices  are  expected 
to  grow  slowly  compared  with  presumed  gust  envelopment  times,  so 
it  would  appear  that  the  rate  of  gust  envelopment  is  of  secondary 
importance  for  large  gust-induced  angles  of  sideslip. 

Ruetenik  and  Brooks^  have  developed  a method  for  prediction 

of  the  transient  body  forces  on  bodies  of  revolution  due  to 

indicial  sinking,  the  Wagner  model,  that  embodies  the  growth 

of  leeward  vortices  at  large  angles  of  attack,  so  this  method 

is  adopted  here  to  the  rail  problem.  Semiempir ical  factors  are 

developed  to  account  for  the  non-circular  cross  section  of  the 

vehicle,  side  rail  and  ground-plane  image.  Side-rail  blockage 

is  estimated  using  the  pressure  distribution  data  measured  by 

3 

Perkins  and  Jorgensen  on  a body  of  revolution. 

The  side-rail  disturbance  effect  ahead  of  the  vehicle  is  not 
accounted  for  here,  because  of  the  lack  of  experimental  data. 

The  leeward  vortex  is  expected  to  experience  relatively  small 
growth  on  the  nose,  so  flow  disturbance  by  the  windward  rail  may 
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be  unimportant.  If,  however,  the  origin  of  leeward  vortices  is 
moved  rearward  due  to  siderail  blockage,  the  side  force  could  be 
reduced  significantly,  which  would  make  the  disturbance  important. 
These  questions  await  resolution  by  experiment.  In  the  meantime, 
the  present  analysis  provides  a method  for  estimating  the  tran- 
sient, viscous  airloads  on  a basis  believed  to  be  conservative, 
that  is,  estimates  on  the  high  side. 

A single-car  TACV  is  analyzed  in  Sections  2.2  and  2.3.  The 
equations  developed  would  apply  also  to  the  first  car  of  a multi- 
car TACV  train.  These  equations  are  extended  in  Section  2.4  to 
other  cars  in  a multi-car  TACV  train. 

2.2  DEVELOPMENT  OF  EQUATIONS  FOR  FIRST  CAR 

Assumptions  and  Definitions 

The  vehicle  configuration  drawn  in  Figure  2.1  is  used 
for  development  of  this  analysis.  The  frontal  view  shows  a nearly 
square  cross-section.  For  aerodynamic  purposes,  the  clearance 
from  the  ground  is  assumed  zero.  The  loads  on  this  cross-section 
are  assumed  to  be  those  of  the  top  half  of  a larger  body,  the 
larger  body  being  the  sum  of  section  A-A  and  its  image  about  the 
ground.  For  the  further  simplification,  the  cross-section  A-A 
is  replaced  by  the  top  half  of  a 2:1  ellipse  as  shown  in  the 
sketch  below. 
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SECTION  A-A 


Fig.  2.1  Sketch  of  Representative  Vehicle  Constructed  for 
Basis  of  Analysis. 
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The  cross  sections  at  any  x are  assumed  similar  to 
section  A-A,  differing  only  in  scale.  The  characteristic 
dimension  at  station  x is  the  train  height  h„(x) , Figure  2.1. 


An  elliptic  nose  shape  is  assumed  of  length  X-^Hy 
described  by 


1/2 


h (x)  = H 
v v ' v 


X ^2  - x 


h\  1 VW 


for  x < H 
1 v 


Defining  § = x/H  and  h (5)  = h (x)/H  , the  body  height  is 


fiv(?)  = 


X 

= 1 


-C2  ' f ' V 

IV  xis 


1/2 


e s X- 


5 * H 


(2.1) 


Following  the  work  of  Ruetenik  and  Brooks,  the  aero- 
dynamic loading  is  assumed  to  be  made  up  of  two  parts: 


a)  Non-viscous,  slender-body  part. 

b)  Viscous,  cross-flow  part  incorporating  the 
leeward  vortices  . 

The  parts  are  discussed  and  computed  separately. 

The  side  rail  or  guard  is  assumed  to  be  part  of  the 
elliptical  surface.  However,  in  computing  lateral  loads  and 
moments,  loads  on  the  side  rails  are  omitted.  This  means  that 
all  train  surfaces  below  the  top  of  the  guard  rail,  z < h , do 
not  contribute  to  the  side  force  Y,  or  the  yawing  moment,  M . 

Define  Ap  as  the  pressure  difference  of  two  "correspond- 
ing points,"  one  on  the  windward  side  and  the  other  on  the  lee- 
ward side,  as  shown  in  the  sketch  below.  Let  Y and  M be  divided 

z 

into  two  parts  each.  The  first,  subscripted  by  f,  represents 
the  contribution  of  the  nose  section;  the  second,  subscripted 
by  a,  represents  the  contribution  of  the  cylindrical  afterbody. 
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Define  the  coefficients  for  side  force  and  yawing  moment 


(2.2) 


(2.3) 


where 

2 

q = the  dynamic  pressure,  1/2  p vr 

v = relative  wind,  / v + v^ 
r 5 V c 

V = train  speed 

vc  = cross  wind  velocity 

S = reference  area, 

/ rr  H 2 

= J — — for  TACV  type  body 

n r^  for  circle  or  elliptic  section 

r,  = radius  of  circle  or  semi-axis  of  ellipse  normal 
to  flow  direction 


Define  the  reduced  parameters  y = hw/Hv,  Q = z/H^  and  is 

the  F-, -station  where  h = h , and  F = (1  - / l-y2).  Note 
-i  vw  - i y 

that  Ap  = Ap(’r,C>t)*  The  force  and  moment  coefficients  become 


Cv  ■ CYf  + Sa 


where 


X1  Ms) 

= 2-/ / 


§1  V 


(2.4) 
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(2.5) 


Let  subscript  s denote  the  part  evaluated  by  slender-body  theory 
and  subscript  c denote  the  additional  loads  due  to  viscous  "cross 
flow."  Thus 


Yf  - Yfs  + Yfc 


Cy  — Cy  + Cy 

Yf  Yfs  Yfc 


A£  = + r&)  , et, 

q vqys  Yq/ 
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Slender-body  part  of  loads  - The  theoretical  loading 
distribution  on  a slender  body  with  elliptical  cross  sections, 

Zj. 

Nielsen  (p.  78),  is  used.  The  following  integral  is  valid 
for  a steady-state  angle  of  sideslip  P. 


h (?) 

f'% 


) 

f Ap^ 

VT 


dc  = 2nhv(e)Rv'(5)P 


(2.6) 


where 


h ' (?)  = dh  /d?  . Define  r . 
V V w 


(2.7) 


which  accounts  for  the  shielding  of  the  side  rails.  For  the 
loading  distribution  on  the  2:1  elliptical  section  sketched  on 
page  2-2  at  a constant  sideslip  angle,  it  can  be  shown 

rws<?>  Y>  = £{6W  - 1/2  tan_1(2  tan  6W>}  (2.8 


where 

6W  = cos'1  Gv0?))  Y < hv(?)  < 1 

Reference  1 adopted  the  following  equation  from  Miles ^for  the 
transient  case 


f if)sdQ  - n {2  VT>  + a f<T>}  ty5  (2-9) 
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where 


t = at/hv(x)  = at/(hv(OHv) 


The  functions  f (t)  and  f(T)  from  reference  5 are  given  in 
Figure  2.2.  It  is  assumed  that  the  side-rail  factor  rws (? ) 
for  a fixed  angle  of  sideslip  applies  to  the  transient  case, 
so 


f (t  ) 
o v 7 


h r 
v ws 


(5,Y)P 


(2.10) 


Defining  the  following  integrals 

Xi 


ipy)  = 


/ 


h (? )h  ' (? )r  (? , y)d? 
v v - 7 v v wsv-’ 


X2(y)  = j rws<5'Y)  d' 

X1 

T3(y)  = / eM?)  fiv  (°  rws(f>Y)  de 


I/.(Y)  = 


X^ 


h (?)  r (?,y)  d? 
v x 7 ws  Vb  ’ 7 


the  following  equations  are  obtained  for  the  coefficients 


CY  = 2[2i1(Y)fo(T)  + 1 i2(y)  f(T)]p 
f s 


(2.11) 


Sr  = m rws(xi’  Y)(x  ' xi)  f(T)p 
as 


(2.12) 
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Fig.  2.2  Functions  in  Equation  (2.9). 
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as 


(2.14) 


Viscous  Cross-Flow  Part  of  Loading 

For  the  viscous  cross-flow,  the  method  of  Ruetenik 
and  Brooks^"  is  also  adopted.  Here  the  body  is  assumed  to  be  a 
cylinder  from  the  tip  of  the  nose  rearward,  which  provided  good 
correlation  in  reference  1 . 


of  reference  1:  a factor  C(G)  to  account  for  the  distribution 

of  loading  around  the  body  at  an  axial  station,  and  a factor  k 
to  incorporate  the  effects  of  body  cross-sectional  configuration, 
nose  profile  and  other  differences  between  measured  forces  and 
those  given  by  reference  1.  The  resulting  equation  is 


(Figure  9),  reproduced  in  Figure  2.3. 

Two  functions  for  g(a)  are  given  in  reference  1.  The 
selection  is  made  on  the  basis  of  whether  the  boundary  layer  on 
the  body  is  laminar  or  turbulent;  if  laminar,  g (ct)  is  used,  and 

Li 

if  turbulent,  gT(a).  The  latter  would  generally  be  applicable, 
except  for  models  in  wind  tunnels  at  subcritical  Reynolds  numbers. 

The  theoretical  function  g(u)  given  in  reference  1 is 
for  a body  with  a circular  cross-section.  For  other  bodies,  an 
equivalent  circular  section  must  be  selected.  A correspondence 


Two  factors  are  introduced  into  the  loading  expression 


g(a) 


(2.15) 


£ 

where  g(cr)  is  the  modif ied-Bryson  function  of  reference  1 
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Fig.  2.3  g-function  in  Equation  (2.15) 
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is  taken  from  slender-body  theory,  for  which  the  equivalent 
circular  section  is  the  one  with  a diameter  equal  to  the 
maximum  dimension  transverse  to  the  flow  direction,  2H^  for 
the  present  body. 


Therefore 


Xp 

x < Vt 

vpt 

H 

x > Vt 

(2.16) 


The  function  C(C)  is  defined  so 
1 

f C(C)  d£  = 1 

o 


and  therefore 
1 


/ 


vq/ 


dC  = k g(cj)  P2 


(2.17) 


(2.18) 


By  taking  k as  a constant,  the  cross-flow  pressure  distribution 
at  various  cross  sections  is  assumed  to  be  similar,  scaled  by 
the  term  g(a).  For  a circular  cross  section,  the  theoretical 
solution  of  reference  1 is  k = 1.0.  The  problem  is  to  find  k 
for  an  elliptic  cross  section. 

Schindel2  has  measured  the  normal  force  on  a 2:1 
elliptical  cross-section  body  with  a length  ratio  L/r^  =9.9. 
Integration  of  Equation  (2.18)  along  the  whole  elliptic  body, 
both  sides,  for  steady-state  flow  gives 


L r. 


PX 


Yc  = 2q  J f dZ  dx  = 2qkrb  P /§(CT)d 

O O C o 


a 


or 


PX 

Cy  = ^ k^y g(a)da 
o 


for  t = 


(2.19) 
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The  Schindel^  data  for  |3  = 23.8°  (0.415  rad.),  X = 9.9  are 
Cy  = 2.4.  By  definition 


= 2.4  - 2(0.415)  = 1.57 


and  using  either  or  g^,,  for  this  test  condition 


PX 


g ( a)  dc 


o 


3.80 


giving  k = 1.57,  which  will  be  the  value  used  for  the  TACV 
configuration . 


This  means  the  measured  value  of  the  non-slender-body 
component  of  the  lateral  force  is  57  percent  greater  than  indi- 
cated by  the  theory  of  Ruetenik  and  Brooks'*'.  In  view  of  the 
short  length  of  this  body  (5  diameters),  this  difference  is  not 
particularly  surprising.  Figure  2.4  is  taken  from  reference  1 

where  the  sectional  semi-side  force  I dC  measured  by  Perkins 

J 0 ^ 

and  Jorgensen  for  a circular  body  with  a 3-caliber  ogive  nose 
is  plotted  versus  the  axial  station  for  an  angle  of  attack  of 
20°.  The  Mach  number  is  1.98,  but  it  can  be  considered  to  be 
low  so  far  as  cross-flow  loads  are  concerned.  The  slender-body 
prediction  is  indicated  by  the  dashed  line.  We  are  interested 
in  the  excess  sectional  force  over  the  slender-body  value  for  a 
body  of  about  10  radii  length — the  front  half  of  this  body. 

The  theoretical  prediction  of  reference  1 is  indicated  by  the 
solid  line.  It  is  apparent  that  the  measured  sectional  force 
exceeds  the  predicted  value  significantly  in  the  region  x/r^ 
from  4 to  12,  and  this  explains  the  large  value  of  k.  For 
bodies  of  greater  length,  k would  approach  unity;  in  fact,  for 
the  complete  body  of  Figure  2.4,  k is  1.27. 
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Fig.  2.4  Comparison  of  Steady-State  Section  Side  Force  Measured  by 
Perkins  and  Jorgensen  (NASA  TN  D-3716)  and  the  Pre- 
dicted Values  of  the  Slender-Body  Theory  (Equation  2.9) 
and  the  Ruetenik-Brooks  Theory  (Equations  2.10  and  2.18). 
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The  loads  in  this  region  of  a body,  where  slender- 
body  theory  indicates  a fall  off  along  the  axis,  characteris- 
tically have  been  difficult  to  predict.  At  small  angles  of 
attack  the  loads  do  not  fall  off  as  fast  as  slender-body 
theory  would  indicate,  and  at  large  angles  of  attack  methods 
that  account  for  separation,  such  as  that  of  reference  1 or 

O 

the  Allen  theory  , do  not  increase  fast  enough  along  the  axis 
to  equal  the  measured  loads.  Theories  have  been  developed 
accounting  for  body  thickness  to  a higher  order  than  slender- 
body  theory  for  steady-state  flow,  but  the  transient  loading 
cannot  be  determined.  Consequently,  all  of  the  difference 
between  the  measured  loading  and  the  slender-body  loading  is 
attributed  to  the  viscous  cross  flow. 

Until  the  loading  is  better  understood,  k should  be 
determined  from  measurements  on  bodies  with  as  similar  charac- 
teristics as  possible.  Therefore  the  present  value,  selected 
from  the  measurements  on  an  elliptic-section  body,  applies  most 
directly  to  a TACV  configuration  of  a semi-elliptic  or  semi- 
circular section. 

The  next  question  concerns  the  application  of  k to 
the  transient  loading.  In  the  transient  situation,  vortices 
develop  within  lamina  already  on  the  body  in  a fashion  similar 
to  the  development  of  vortices  within  each  lamina  passing  over 
the  body  in  steady  flow.  This  was  the  basis  of  the  method 
developed  in  reference  1,  and  the  assumption  was  confirmed  by 
the  comparisons  made  in  reference  1 . The  k factor  is  applied, 
therefore,  to  the  prediction  of  the  transient  loads. 

The  side-rail  factor  for  the  viscous  cross  flow  is 
1 

rwc(Y)  = J £(£)  d£  (2.20) 

Y 
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From  Perkins  and  Jorgensen  measurements  on  a body  of  revolution 
with  a 3-caliber  tangent-ogive  nose,  Figure  2.4,  r^c  is  evaluated 
In  this  graph,  the  slender-body  values  and  the  value  using  k = 1 
are  shown,  the  latter  for  both  g^  and  g^ . At  the  station 
x/r^  = 8.12,  k = 1.53--nearly  equal  the  Schindel-data  value. 

At  this  station  the  slender-body  loading  is  zero,  so  Apc  = Ap, 
therefore  the  loading  data  at  this  station  and  Equation  (2.20) 
are  used  to  determine  rwc(y)5  plotted  in  Figure  2.5. 

The  transient  side-force  and  moment  coefficients  for  a 
single  body  due  to  the  viscous  cross  flow  are: 
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where  t is  defined  t = VPt/H  . 
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Fig.  2.5  Variation  of  Side-Rail  Factor  with  Side-Rail  Height 
for  Viscous  Cross-Flow.  First  Car. 
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2.3  RESULTS  FOR  FIRST  CAR 

A typical  condition  of  interest  is  a TACV  traveling 
150  mph  subject  to  a 60-mph  gust,  resulting  in  a sideslip  angle 
of  21.8°  or  0.38  radians  and  resultant  Mach  number  of  0.209. 
Siderail  heights  of  0,  30  and  60  percent  of  the  vehicle  height 
are  considered.  The  nose  length  is  =2.  The  resulting 
integrals  are 


Y 

Ii 

X2 

I3 

I4 

rw 

<*  =2) 

0 

0.500 

1.571 

0.333 

1.808 

1.0 

0.3 

0.249 

0.998 

0.209 

1.230 

0.711 

0.6 

0.080  ■ 

0.452 

0.088 

0.627 

0.409 

and  t = 0.0794  t . 

The  curves  for  the  transient  side-force  coefficient 
and  yawing -moment  coefficient  are  plotted  in  Figures  2.6  and 
2.7.  These  apply  to  a single  car  or  first  car  of  a train. 

The  side  force  jumps  to  a very  high  value  at  time  zero 
due  to  s lender-body  loads,  but  the  duration  of  this  peak  is  very 
short--about  0.035  sec  for  a 10-ft  high  vehicle--so  the  impulse 
probably  is  not  critical.  The  side  force  increases  again  to  a 
peak  value,  nearly  equal  the  steady-state  value,  in  0.3  to  0.4 
seconds  for  a 10-ft  high  vehicle. 

The  yawing  moment  first  is  large  negatively,  increases 
almost  linearly  to  a positive  peak  in  about  0.035  sec  (10-foot 
high  vehicle)  and  decreases  to  a small  positive  moment,  generally, 
at  about  0.3  to  0.6  seconds. 
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Variation  of  Side-Force  Coefficient  with  Reduced  Time 
for  Various  Side-Rail  Heights.  First  Car. 
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Fig.  2.6  (Continued) 


2-20 


5/DE- FORCE  COEFFICIENT 


Fig.  2.6  (Continued) 
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Fig.  2.6  (Continued) 
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SIDE -FORCE  COEFFICIENT,  Cy 
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SIDE-FORCE  COEFFICIENT!",  Cy 
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Fig.  2.6  (Concluded) 
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Fig.  2.7  Variation  of  Yawing-Moment  Coefficient  with  Reduced  Time 
for  Various  Side-Rail  Heights.  First  Car. 
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Fig.  2.7  (Continued) 
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Fig.  2.7  (Concluded) 
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The  side-rail  effect  on  the  steady-state  Cy  for  the 
first  car,  Figure  2.8,  indicates  that  a height  of  35  to  40  per- 
cent of  H would  be  required  to  reduce  Cv  by  one  half.  Based 
v IQ  1 

on  slender-body  theory,  Woolard  indicates  a 23-percent  side- 
rail  height  would  cut  Cy  in  half  for  a similar  body  having  a 
semi-elliptic  cross  section. 

The  side-rail  effect  on  the  steady-state  CR  for  the 
first  car,  Figure  2.9,  indicates  a drastic  reduction  in  Cn  with 
increasing  height.  In  fact,  Cn  would  tend  to  be  stabilizing  for 
the  negative  values  associated  with  high  side-rail  heights.  This 
marked  effect  of  side-rail  height  on  Cn  reflects  the  greater 
sensitivity  of  the  slender-body  forces  located  at  the  forebody 
to  wall  height,  whereas  the  less  sensitive  viscous  forces  pre- 
dominate aft  of  the  moment  center. 

The  rapid  buildup  of  the  transient  side  force  pre- 
dicted by  this  method  and  the  small  overshoot  beyond  the  steady- 
state  value  focus  attention  on  the  steady-state  lateral  wind 
forces  for  the  first  car.  Therefore,  we  will  examine  some  steady- 
state  side-force  and  yawing -moment  data  measured  in  wind-tunnel 
tests . 

2 

Grunwald  measured  steady-state  forces  and  moments 
on  the  configurations  shown  in  Figure  2.10  in  wind-tunnel  tests 
with  a moving-belt  ground  plane.  The  measured  Cy  values  are 
plotted  in  Figure  2.11  as  a function  of  the  sideslip  angle  for 
a gap  H between  the  models  and  the  ground  plane  of  0.05  dg, 
where  dg  is  the  diameter  of  a circle  equivalent  in  area  to  the 
maximum  cross  section  of  the  model.  A moving  belt  was  used  for 
the  ground  plane  to  provide  TACV  simulation  in  a wind  tunnel. 

The  belt  was  aligned  with  the  wind  and  moved  with  the  wind  speed. 
To  examine  the  effect  of  the  moving  belt,  Grunwald  performed 
measurements  both  with  the  belt  moving  and  stopped.  The  effect 
on  the  side  force  and  yawing  moment  proved  to  be  very  small. 

The  data  from  the  tests  with  the  moving  belt  are  used  here. 
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SIDE- FORCE  COEFFICIENT,  Cy 


Fig.  2.8  Variation  of  Steady-State  Side-Force  Coefficient 
with  Side-Rail  Height.  First  Car,  3-Caliber  Nose. 
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Fig.  2.9  Variation  of  Yawing-Moment  Coefficient  with  Side-Rail 
Height.  First  Car,  3-Caliber  Nose. 
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5IDE  VIEW 

HALF-CIRCLE  (LONG  51DE5)  CROSS  SECTION! 

Fig.  2.10  (concluded) 
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Fig.  2.11  Comparison  of  Predicted  Side-Force  Coefficient  with 
Values  Measured  in  Three  Wind-Tunnel  Tests  over  a 
Range  of  Sideslip  Angles. 
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The  predicted  lateral  force  coefficient  is  plotted  in 
Figure  2.11  for  £3  = 20°.  It  is  greater  than  the  value  measured 
by  Grunwald  by  a factor  of  2.13. 

For  comparison,  the  slender-body  value  for  Cy  is  also 

plotted  in  Figure  2.11,  along  with  the  values  measured  by  Perkins 
3 7 

and  Jorgensen  and  Schindel  . For  the  half-circle  configuration 
measured  by  Grunwald,  the  force  coefficient  at  20°  is  only  1.30 
times  the  slender-body  value;  the  predicted  value  is  2.77  times 
the  slender-body  value.  For  the  2 : 1-elliptic-section  body,  9.9 
major-semi-axis  lengths  long,  the  side-force  coefficient  measured 
by  Schindel^  is  2.35  times  the  slender-body  value.  For  the 
circular  configuration  at  P = 20°,  Perkins  and  Jorgensen  mea- 
sured a side-force  for  the  first  10-radii  length  of  the  body  of 
1.9  times  the  slender-body  value.  Why  the  values  measured  by 
Grunwald  are  so  near  the  slender-body  value  is  not  readily 

explained.  The  most  obvious  factor,  of  course,  is  the  ground 

9 

plane.  Drag  measurements  by  Roshko  on  a body  with  a splitter 
plane  in  the  wake  demonstrate  that  such  an  obstruction  can 
markedly  reduce  the  drag  force.  The  Roshko  measurements  indicate 
the  plate  inhibits  the  development  of  the  wake  vortices.  The 
ground  plane  could  have  a similar  effect  on  vortex  growth  on 
the  lee  side  of  TACV  configurations. 

Some  questions  remain  unanswered,  however,  regarding 
the  ground-plane  simulation  achieved  in  the  wind-tunnel  tests. 

For  correct  simulation  of  the  relative  wind  to  the  ground  and 
a TACV,  the  belt  should  move  in  the  direction  of  the  TACV-model 
axis.  This  was  not  feasible  in  the  wind-tunnel  tests,  where  the 
belt  moved  in  the  direction  of  the  tunnel  air  flow.  It  is  hoped 
that  the  importance  of  ground-plane  simulation  could  be  assessed 
by  comparing  the  forces  and  moments  with  the  belt  moving  and  with 
it  stopped.  Unfortunately,  compensating  effects  occur  in  these 
tests  (the  moving  belt  may  improve  the  pressure  recovery  on  the 
lee  side,  reducing  the  side  force,  and  tne  stopped  belt  may  cause 
separation  on  the  windward  side,  also  reducing  the  side  force), 
so  a definite  conclusion  cannot  be  reached. 
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These  speculations  are  highly  problematical  without 
the  aid  of  further  measurements.  In  addition,  pressure  measure- 
ments on  the  vehicle  would  be  very  helpful  in  evaluating  the 
simulation.  The  bottom  gap  and  upper  body  configuration  are 
expected  to  be  important  factors  to  the  loading  which  should  be 
examined . 


To  indicate  the  effect  of  gap  height  and  external 

o 

configuration  on  the  side  force  coefficient,  data  of  Grunwald 
for  P = 20°  for  the  6 configurations  are  plotted  in  Figure  2.12 
as  a function  of  nondimensional  gap  height.  The  side-force 
coefficient  Cy  for  this  plot  is  based  on  the  base  area,  A, 
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(2.25) 


The  variation  in  with  H/de  for  the  configurations  falls  into 
two  groups:  sensitivity  to  gap  height,  which  includes  the 

circular  and  square-type,  and  insensitivity  to  gap  height,  which 
includes  the  half  circle  and  half  circle  (long  sides).  The 
triangular  type  falls  in  between,  and  for  the  half  circle  (short 
sides)  there  are  insufficient  data.  The  configurations  with 
rounded  bottoms  appear  to  have  the  greatest  sensitivity  to  gap 
height,  whereas  the  flat-bottomed  configurations  are  nearly 

insensitive.  Furthermore,  at  the  lowest  values  of  H/d  , C 

5 e y 

for  the  gap-sensitive  configurations  is  double  that  for  the 
gap-insensitive  configurations;  this  is  about  the  ratio  of  the 
C values  in  Figure  2.11.  From  these  results  it  is  concluded 
that  gap  height  and  external  configuration,  particularly  the 
bottom  surface,  are  important,  and  interacting,  factors  for 
the  side  force  where  no  side  rail  is  present. 

2 

Measurements  by  Grunwald  of  the  rolling  moment  about 
the  intersection  of  the  model  centerline  and  its  base  show  the 
rolling -moment  coefficient  at  large  angles  of  sideslip  follows 
the  pattern  for  body  configuration  in  the  same  way.  The  values 
are  the  largest  (moment  positive  for  body  rolling  away  from 
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CONFIGURATION  CROSS  SECTION 
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Fig.  2.12 


Comparison  of  Side-Force  Coefficient  Measured  by 
Grunwald  (NASA  TN  D-5935)  for  Six  Configurations 
a Function  of  Gap  Height  above  Ground  Plane.  p=20 
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side  wind)  for  the  circular  and  square-type  configurations, 
nearly  zero  or  negative  for  the  half  circle  configurations,  and 
midway  between  for  the  tr iangular-type  configuration.  For  the 
largest  gap,  the  rolling-moment  coefficient  for  the  half  circle 
is  nearly  as  large  negatively  as  it  is  positive  for  the  circular 
configuration.  As  the  gap  is  reduced,  the  spread  in  the  values 
nearly  doubles  and  becomes  more  positive. 

Examination  of  the  side-force,  rolling-moment  and 
lift  coefficients  would  indicate  that  the  flow  probably  always 
separates  from  the  bottom  surface  of  the  flat-bottom  bodies, 
giving  a more  uniform  pressure  on  the  bottom  surface.  On 
bottom  surfaces  with  curved  edges,  the  separation  point  is 
believed  to  be  sensitive  to  the  gap  height,  moving  windward 
as  the  gap  is  reduced;  the  lee  pressure  is  sensitive  to  this 
separation  point,  thereby,  perhaps,  affecting  the  separation 
point  on  the  upper  surface  and  thereby  the  side  force  and 
rolling  moment. 

It  is  concluded  the  shape  of  the  gap  is  an  important 
factor  to  the  side  force  and  rolling  moment,  where  no  side  rail 
is  present.  Side  rails  are  expected  to  reduce  the  side  force, 
both  by  shielding  and  also  by  separation  of  the  flow  in  the  gap 
at  the  top  of  the  gap  on  the  windward  side,  the  side  gaps  being 
an  extension  of  the  bottom  gap,  of  the  flat-bottom  type.  The 
situation  is  complicated,  of  course,  by  the  ram  effect  at  the 
nose  of  the  body  and  levitation  air  from  the  air  cushion. 

2.4  EQUATIONS  FOR  Nth  CAR 

The  equations  for  the  transient  side  force  and  yawing 

moment  for  a single  car  or  the  first  car  of  a TACV  train  are 

t h 

developed  in  Section  2.2.  The  equations  for  the  N car  in  a 

t h 

TACV  train  are  presented  in  this  section.  The  N -car  equations 
apply  to  all  cars  except  the  first  car. 
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The  side-force  coefficient,  Cy,  and  yawing -moment 

coefficient,  C , are  defined  the  same  as  for  the  first  car, 

n 

which  are  given  by  Equations  (2.2)  and  (2.3).  The  yawing  moment 
is  defined  about  the  mid-point  of  the  car,  as  shown  in  Fig.  2.1 
for  the  first  car. 


The  forebody  coefficients  are  assumed  to  be  zero  for 
all  cars  but  the  first,  even  though  the  forebody  shape  may  be 
the  same  for  these  cars  as  for  the  first  car,  so: 

for  N > 1; 

CY  = C =0  (2.26) 

Yf  nf 


Cy  = Cy  + Cy 
as  c 


(2.27) 


c = c + c 

n n n 

as  c 


(2.28) 


The  coefficients  Cy  and  Cn  are  computed  from  Equations  (2.12) 

as  as 

and  (2.14).  The  equations  for  C and  C have  been  developed  in 

Yc  nc 

the  same  way  as  Equations  (2.21)  to  (2.24)  for  the  first  car. 

The  resulting  equations  for  N > 1 are: 

for  0 < t < (N  - 1)\P; 


C = - kr  (y)\P2g(t) 

V TT  WCVY/  6V' 

TC 


(2.29) 


C = 0 
nc 


for  (N  - l)\P's  t < NXP; 


(2.30) 
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TT  WC  V Y ' 
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L£*(N-l)x 


(2.31) 
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ag(a)da  + |[  (N\P)2  - t2]g(t)!  (2.32) 


NXP 


C = — kr  (y)P 
Y rr  wcv  T/ 
c 


g ( a) da 


(N-I)XP 


2N  - 1 „ 

n CY 

c c 


2kr  (Y) 
wc  v J 

TT  X 


NxP 


(N-l)XP 


Og (a)da 


(2.33) 


(2.34) 


2.5  RESULTS  FOR  SECOND  AND  THIRD  CAR 

The  transient  side-force  and  yawing-moment  coefficients 
for  the  second  and  third  car  of  a TACV  train  were  computed  using 
the  equations  of  Section  2.4.  The  results  are  presented  in  Fig. 
2.13  to  2.16  for  three  side-rail  heights,  y,  of  0,  30  and  60 
percent  of  the  maximum  vehicle  height,  Hv . The  sideslip  angle 
f3  = 21.8°  and  the  Mach  number  M = 0.209  are  the  same  as  for 
the  first-car  calculations  of  Fig.  2.6  and  2.7. 

The  side  force  has  a very  short  duration  spike  that 
decreases  to  zero  in  t < 0.3.  This  force  is  due  to  the  slender- 
body  non-viscous  part  of  the  loading.  The  impulse  due  to  this 
early  peak  is  expected  to  not  be  critical,  as  for  the  first  car, 
Section  2.3,  so  this  portion  of  the  loading  history  is  not  shown 
in  these  figures. 

The  side-force  coefficient  reaches  a second  peak  at 
about  t = 3.5.  The  side  force  then  decreases  to  reach  a steady- 
state  value  at  about  t = 5 for  the  second  car  if  x = 7 and  t = 8 
for  all  other  cases.  The  ratio  of  the  peak  side  force  to  the 
steady-state  side  force  ranges  from  1.1  to  2.4  for  the  second 
car  and  from  2.0  to  4.3  for  the  third  car. 
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a . y = 0 


Fig.  2.13 


Variation  of  Side-Force  Coefficient 
Time  for  Various  Side -Rail  Heights. 


With  Reduced 
Second  Car. 
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c . y = 0 . 6 


Fig.  2.13  (Concluded) 
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a.  y = 0 


Fig.  2.14  Variation  of  Yawing -Moment  Coefficient  With 
Reduced  Time  for  Various  Side-Rail  Heights. 
Second  Car. 
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YAWING- -MOMENT  COEFFICIENT 


b.  y = 0.3 


Fig.  2.14  (Continued) 
- 44 
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a . y = 0 

Fig.  2.15  Variation  of  Side-Force  Coefficient  With  Reduced  Time 
for  Various  Side-Rail  Heights.  Third  Car. 
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Figo  2.15  (Continued) 
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y = 0.6 


Fig.  2.15  (Concluded) 
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a . 


Y = 
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Fig.  2.16  Variation  of  Yawing -Moment  Coefficient  With 
Reduced  Time  for  Various  Side-Rail  Heights. 
Third  Car . 
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b.  y = 0.3 


Fig.  2.16 


(Continued) 
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c . y = 0 . 6 


Fig.  2.16  (Concluded) 
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The  importance  of  this  transient  peak  in  Cy.  is  that 
it  would  not  be  measured  on  the  second  and  third  cars  in  steady- 
state  tests.  However,  the  peak  value  for  the  second  and  third 
cars  is  very  nearly  equal  to  the  steady-state  value  for  the  first 
car  for  these  values  of  X and  P.  This  is  due  to  the  fact  that 
the  peak  side  force  occurs  when  the  leeward  vortices  are  rela- 
tively close  to  the  vehicles,  at  about  the  steady-state  distance 
reached  for  the  first  vehicle. 

The  peak  side  force  for  all  cars  could  be  obtained 
from  the  steady-state  value  for  the  first  car  for  a wide  range 
of  X and  P,  but  the  question  should  be  resolved  individually 
for  each  case.  If  the  train  speed  is  doubled,  for  example,  the 
peak  section  side  force  due  to  viscous  cross  flow  would  occur 
twice  as  far  rearward,  so  for  X = 7,  for  example,  the  transient 
peak  would  be  greater  on  the  second  and  third  car  than  the  first 
car  . 

The  yawing-moment  coefficient  for  the  second  and  third 
car  grow  essentially  monotonically  to  the  steady-state  value. 
Therefore,  the  maximum  value  of  Cn  could  be  obtained  from  steady- 
state  tests. 

The  effect  of  side-rail  height  is  to  markedly  reduce 
the  steady-state  Cy  for  the  second  and  third  cars  also,  Figure 
2.18.  A height  equal  to  43  percent  of  Hv  would  cut  Cy  in  half. 

The  side  rail  also  reduces  the  steady-state  Cn  for  the 
second  and  third  car,  Figure  2.19.  Cn  does  not  become  negative, 
however,  as  it  did  for  the  first  car  (Figure  2.9). 
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nondimensional  s\de-  r ail  height,  y 

<30.  SECOND  CAR 


Fig.  2.18  Variation  of  Steady-State  Side-Force 
Coefficient  With  Side-Rail  Height. 
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b.  THIRD  CAR 


Fig.  2.18  (Concluded) 
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YAWING  MOMENT  COEFFICIENT 


0 0.2  0.4  0.6  0.8  1.0 

NONDIMENSIONAL  SIDE- RAIL  HEIGHT,  y 

<x.  SECOND  CAR 


Fig.  2.19  Variation  of  Steady-State  Yawing - 
Moment  Coefficient  With  Side-Rail 
Height . 


2-55 


YAWING  MOMENT  COEFFICIENT,  Cn 


O 0.2.  0.4  0.6  0.8  1.0 

NONDIMEN  SIGNAL  SIDE- RAIL  HEIGHT,  y 

b.  THIRD  CAR 


Fig.  2.19  (Concluded) 
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2.6  CONCLUSIONS 


Based  on  the  analysis  of  calculations  carried  out 
here  for  a vehicle  subjected  to  a sudden  side  gust  producing 
about  a 20°  sideslip  angle  and  measurements  reported  by  Grunwald^, 
the  following  conclusions  are  reached. 

1.  For  TACV  vehicles,  the  initial  peak  in  the  side 
force,  due  to  non-viscous,  slender-body  forces,  is  probably  too 
brief  to  be  important.  The  side  force  reaches  a second  peak  in 
about  the  time  the  gust-induced  flow  travels  2.5  to  3.5  body 
heights.  This  time  depends  upon  the  vehicle  dimensions  (\)  and 
the  sideslip  angle  (P)  produced  by  the  gust.  The  ratio  of  this 
peak  side  force  to  the  steady-state  value  is  nearly  unity  for 
the  first  vehicle  in  a train,  1.1  to  2.4  for  the  second  car,  and 
2.0  to  4.3  for  the  third  car. 

2.  A side-rail  height  of  35  to  43  percent  of  the  train 
height  would  reduce  the  steady-state  side  force  50  percent. 

Based  on  slender-body  theory,  Woolard^  shows  that  a side-rail 
height  of  23  percent  would  reduce  the  steady-state  side  force  on 
a single  car  having  an  elliptic  cross  section  by  50  percent.  The 
inclusion  of  viscous  forces,  then,  is  to  reduce  the  effect  of 
side-rail  blockage  somewhat.  The  wall  effect  may  be  even  greater 
than  these  theories  indicate  because  of  separation  of  the  side 
wind  from  the  windward  rail  in  the  vicinity  of  the  nose  which  is 
not  taken  into  account. 

3.  The  predicted  steady-state  side  force  for  a single 

2 

vehicle  is  2.13  times  the  value  measured  by  Grunwald  on  a half- 
circle-cross-section body.  Measurements  by  Perkins  and  Jorgensen^ 
and  Schindel^  on  bodies  in  wind  tunnels  support  the  predicted 
value.  The  difference  is  apparently  due  to  ground-plane  effects, 
which  are  not  included  in  the  theory. 
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4.  The  measurements  by  Grunwald  on  a body  without 
side  rails  indicate  the  ground-plane  gap  and  bottom  configura- 
tion of  the  body  have  a strong  and  interacting  effect  on  the 
steady-state  side  force,  rolling  moment  and  lift.  Configura- 
tions with  rounded  bottoms  have  the  greatest  sensitivity  to 
gap  height,  flat-bottomed  configurations  being  nearly  insensi- 
tive. At  small  gap  heights,  the  side  force  for  rounded  bottoms 
is  double  the  flat  bottom  value. 

5.  To  evaluate  ground-plane  simulation  in  wind-tunnel 
tests  and  to  determine  the  effects  of  ground  plane  gap,  side- 
rail  protection  and  body  shape  on  side  forces,  pressure  measure- 
ments on  the  body  would  be  very  useful. 

6.  Tests  with  a moving  model  should  answer  the  un- 
resolved questions  on  ground-plane  simulation,  side-rail  effects, 
and  passing-train-induced  airloads. 
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3.  FEASIBILITY  ANALYSIS  OF  LABORATORY 

FACILITY  FOR  MEASURING  TACV  GUST  AIRLOADS 

3.1  INTRODUCTION 

The  analysis  of  Section  2 indicates  further  development 
of  ground-plane  simulation  could  be  important  to  the  measurement 
of  aerodynamic  forces  and  moments  on  a TACV  model.  The  airflow 
between  the  bottom  of  a TACV  configuration  and  the  ground  plane 
appears  to  be  critical,  and  it  is  expected  to  be  effected  by  any 
boundary  layer  on  the  ground  plane . 

A belt  moving  at  the  free-steam  velocity,  as  in  the 

2 

Langley  facility  , eliminates  boundary-layer  formation,  whereas 
a gust  in  the  atmosphere,  which  a TACV  would  be  exposed  to,  would 
develop  a boundary  layer.  The  magnitude  of  this  effect  is 
difficult  to  determine  now,  inasmuch  as  force  and  moment 
measurements  by  Grunwald  in  the  Langley  facility  indicate 
a relatively  small  difference  for  moving-belt  and  stopped-belt 
tests.  It  has  been  well  demonstrated  elsewhere,  however,  that 
flow  separation  is  effected  significantly  by  the  presence  of  a 
boundary  layer  (drag  of  spike-nose  bodies,  control-surface 
separation,  corner  flow,  etc.),  therefore  the  ground-plane 
simulation  with  fixed  models  and  partial  boundary-layer 
simulation  remains  an  open  question. 

Other  questions  a moving-model  facility  can  be  used 
for  with  definite  advantage  are:  measurement  of  (1)  side-rail 

effects  and  of  (2)  passing-train-induced  airloads.  A side  rail 
is  difficult  to  mount  in  a wind  tunnel  with  provision  for  con- 
tact (or  negligible  clearance)  with  a moving-belt  ground  plane. 
Passing-train  tests  in  a wind  tunnel  would  require  a track 
parallel  to  the  load-test  model  and  a passing-train  speed  double 
the  wind-tunnel  air  speed. 

These  problems  and  questions  on  TACV  simulation  can, 
conceptually,  be  eliminated  by  testing  with  a moving  model 
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and  a fixed  ground  plane.  The  problem  in  the  past  has  been  to 
provide  acceptable  accuracy  and  workability  in  tests  involving 
moving  models.  Yet,  moving-model  tests  in  an  air  medium  have 
been  carried  out  — gust-tunnel  tests,  for  example.  The  feasi- 
bility of  performing  TACV  simulation  tests,  therefore,  with 
moving  models  in  a laboratory  facility  is  explored  here.  There 
generally  are  a number  of  design  solutions  to  a design  problem. 
The  objective  of  the  present  study  is  not  competitive  design 
selection,  but  determination  of  feasibility. 

3.2  GENERAL  CONSIDERATIONS 
Track  Layout 

The  layout  of  the  type  of  moving-model  facility  here 
considered  is  sketched  in  Figure  3.1.  The  test  model  moves  on 
a linear  track  with  an  acceleration  zone,  a constant-speed  zone 
and  a deceleration  zone.  The  wind  for  gust  simulation  is 
located  in  about  the  mid-region  of  the  constant -speed  zone. 

To  verify  that  effects  of  the  model  acceleration  have  disap- 
peared and  to  confirm  balance  tare  data,  tare  measurements  on 
the  model  balance  would  be  made  within  the  constant-speed  zone 
before  the  model  enters  the  wind.  A zone  is  also  provided  after 
the  model  leaves  the  wind  to  recheck  tare  measurements  before 
deceleration  forces  are  applied. 

A second  track,  parallel  to  the  constant-speed  zone, 
provides  for  passing-train  airloads  testing.  Measurements  would 
not  be  made  on  the  second  train,  so  an  oval  track  with  a straight 
section  parallel  to  the  constant-speed  zone  would  suffice.  Side 
rails,  fences  and  other  physical  factors  affecting  TACV  airloads 
could  be  added  to  the  installation. 

Model  Characteristics 

A representative  model  configuration,  Figure  3.2,  is 
selected  for  design  purposes  from  the  configurations  tested  by 
Grunwald  . This  configuration  was  selected  because,  it  is 
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Fig.  3.1  Layout:  of  Experimental  Track 
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Fig.  3.2  Configuration  of  Representative  Model  Selected  for  Feasibility  Study. 


believed,  it  most  nearly  represents  the  shape  that  is  used  in 
present  TACV  designs.  The  corner  radii  on  the  bottom  surface 
are  relatively  large,  but  some  rounding  may  be  advantageous, 
so  this  is  not  considered  critical. 

The  model  components  are  sketched  in  Figure  3.3. 

The  model  body  is  supported  by  a balance,  mounted  on  a strut 
to  a carriage.  The  balance  is  used  to  measure  the  forces  and 
moments  applied  to  the  body.  The  loads  are  transmitted  through 
the  strut  to  the  carriage,  which  travels  on  ways.  A battery- 
powered  amplifier  inside  the  model  body  with  appropriate  bridge 
circuitry  boosts  the  balance  signal  for  transmission  to  external 
recorders  through  sliding  contacts.  The  battery  and  amplifier 
are  strut  supported. 

For  small  models,  the  amplifier  and  bridge  could  be 
mounted  on  the  carriage.  It  is  important  to  amplify  the  bridge 
signal  before  transmission  to  reduce  contact  noise  effects . 

Weight  and  power  requirements  for  an  amplifier  have  not  been 
examined,  but  it  is  assumed  solid-state  amplifiers  currently 
available  would  meet  the  requirements.  If  necessary,  a recorder 
could  be  mounted  on  the  carriage  (similar  recorders  have  been 
used  on  board  rocket-propelled  sleds);  propulsion  requirements 
would  increase  considerably  due  to  recorder  weight,  but  it 
provides  an  alternative  method. 

Dimensions  and  estimated  weights  for  three  model  sizes 
have  been  made,  and  the  results  are  tabulated  in  Table  3.1. 

Model  I is  based  on  a 1.0-ft2  cross  section.  The  other  dimen- 
sions follow  from  Figure  3.2.  For  the  model  body,  a built-up 
structure  of  waffle-back  stiffened  plastic,  cast  or  molded 
phenolic,  is  assumed.  The  balance-mounted  weight,  which  includes 
the  body  shell,  stiffeners  and  attachments,  is  170  pounds.  An 
equal  weight  is  assumed  for  the  balance,  strut,  carriage  and 
electronic  components,  giving  a total  moving  weight  of  340  pounds. 
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MODEL  BODY 


Fig.  3.3  Schematic  Drawing  of  Model,  Components,  Balance, 
Strut,  Carriage  and  Way. 
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Model  II  is  based  on  a 1/2-ft  model  height.  The 
weight  is  estimated  by  cubic  scaling  with  the  model  dimensions. 


TABLE  3.1 
MODEL 

DESIGN  CHARACTERISTICS 


MODEL 

L 
ft . 

H 
ft  . 

sb 

ft.s 

d 

e 

ft . 

BALANCE - 
MOUNTED 
WEIGHT 
lb. 

MOVING 

WEIGHT 

lb. 

I 

9.118 

1.08 

1.000 

170 

340 

II 

4.25 

0.501 

0.216 

17 

34 

III 

1.00 

0*118 

0.0120 

0.153 

0.9 

1.9 

Model  III  is  based  on  a one-foot  model  length.  Because 
of  associated  weights,  it  does  not  appear  reasonable  to  expect 
cubic  scaling  for  small  models,  so  the  weight  of  model  III  is 
estimated  from  model  II  by  square-law  scaling. 

Reynolds  Number 

The  variation  of  model  Reynolds  number,  based  on  model 

length,  L,  and  speed,  V,  is  presented  in  Figure  3.4  as  a function 

of  model  speed  for  the  3 models.  As  a basis  of  reference,  wind- 

tunnel  tests  by  Perkins  & Jorgensen  on  a 10-caliber  ogive- 

cylinder  body  with  a 3-caliber  nose  indicate  the  loading  at  a 

10°  angle  of  attack  changes  between  a Reynolds  number  of  1.45  x 

10^  and  4.4  x 10^,  but  at  15°  and  20°  it  is  essentially  the  same. 

2 

The  Reynolds  number  in  tests  by  Grunwald  is  indicated  in  Figure 

3.4 

For  a gust-induced  angle  of  sideslip  of  15L  or  more, 
it  appears  the  Reynolds  number  should  be  at  least  1.5  x 10  . 
Models  I and  II  meet  this  criterion.  The  Reynolds  number  for 
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Fig.  3.4  Comparison  of  Reynolds  Number  Based  on  Model  Length  for  Three  Models  and 
Values  for  Models  Tested  in  Wind  Tunnels  as  a Function  of  Model  Speed. 


model  III  is  0.6  x 10  , which  means  laminar  separation  might  occur, 
resulting  in  a larger  lateral  force  than  for  turbulent  separation. 
From  a safety  point  of  view,  this  is  conservative.  To  meet  the 
Reynolds  number  requirement  with  model  III,  a speed  of  250  fps 
is  needed. 

Gust  Side  Force 

The  steady-state  side  force  due  to  a side-slip  angle 
of  20°  is  plotted  in  Figure  3.5  for  the  models.  At  100  fps,  it 
ranges  from  26  pounds  to  0.3  pounds.  More  important  to  balance 
measurements  on  a moving  model  is  the  ratio  of  the  side  force 
and  model  weight,  shown  in  Figure  3.6.  As  this  figure  shows, 
the  problem  with  a large  model,  as  for  birds  and  aeroplanes, 
is  the  trend  toward  a high  mass  to  aerodynamic  loading  ratio. 

For  models  II  and  III,  the  side-force-to-weight  ratio  at  100  fps 
is  0.17. 

Acceleration  Distance 

The  distance  to  accelerate  (or  decelerate)  a model  at 
constant  forward  acceleration,  x,  is  plotted  in  Figure  3.7. 

From  design  experience,  50-g's  is  a reasonable  upper  limit  on 
acceleration.  Laboratory  space  frequently  being  a factor, 

20-g's  is  taken  as  a lower  limit  on  acceleration.  It  is  ex- 
pected that  laboratory  space  for  testing  with  large  models 
would  be  greater  than  for  small  models,  so  a 50-ft.  limit  is 
placed  on  acceleration  distance  for  model  II  and  10-ft.  for 

model  III.  A lower  speed  of  150  fps  is  used  for  model  II  to 

2 

meet  the  Reynolds  number  of  the  Langley  tests.  The  lower  limit 
on  speed  for  model  III  is  set  by  requiring  Y/W  > 0 . 1 at  = 20c  . 

The  design  point  for  model  II  is  chosen  at  V = 250  fps, 
s = 30  ft . and  for  model  III  at  V = 100  fps,  s = 5 f t . 
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SIDE  FORCE 


MODEL  SPEED,  V,  FPS 


Fig.  3.5  Side  Force  for  Three  Models  as  a Function  of  Model 
Speed.  P=20°. 
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SIDE  FORCE 


Fig.  3.6  Side-Force/Model- Weight  Ratio  for  Three  Models  a 
Function  of  Model  Speed. 
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MODEL  SPEED,  V,  FPS 

Fig.  3.7  Distance  Required  to  Attain  Test  Speed  with  Constant 
Acceleration  from  Rest. 
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Support -Carriage /Way  Requirements 

The  support  carriage  must  travel  on  a smooth  way  to 
minimize  vertical  acceleration  of  the  model  through  the  support. 
Vertical  sinusoidal  acceleration  of  a rigid  model  is  plotted  in 
Figure  3.8  as  a function  of  the  period  with  amplitude  as  a 
parameter . 

For  reference,  a model  traveling  100  fps  through  a 
5-ft-wide  wind  field  would  experience  a wind  duration  of  0.05 
sec,  which  is  roughly  equivalent  to  a 0.1-sec  period  for  a 
sinusoid.  To  keep  the  carriage-induced  vibrations  of  a rigid 
system  an  order  of  magnitude  below  the  steady-state  wind- 
induced  acceleration  of  0.17  g's  for  models  II  and  III,  the 
half -amplitude  of  the  waviness  in  the  ways  must  be  no  more 
than  ± 0.002  in.  This  requires  a lathe-bed  quality  of  smooth- 
ness. This  smoothness  requirement  is  limited  to  the  constant- 
speed  zone  of  the  track.  A lathe-bed  length  of  15  to  20  feet 
should  be  satisfactory  for  model  III,  so  meeting  guideway 
smoothness  requirements  appears  feasible. 

Model  II  traveling  at  250  fps  would  experience  a 
steady-state  side  force  due  to  wind  at  20°  of  1.0  g's  (Fig.  3.6). 
For  the  same  sinusoidal  period  of  0.1  second  and  same  vertical 
acceleration  limitation  of  y/g  < 0.1  Y/W,  the  half -amplitude 
would  need  to  be  0.01  in.  or  less.  This  requirement  is  compa- 
rable to  new  runway  construction;  it  could  be  readily  met  in  a 
laboratory  facility. 

3 . 3 CABLE  SYSTEM 

Having  considered  the  general  factors  in  a moving- 
model  facility,  a means  of  propelling  the  carriage,  model,  etc. 
must  be  selected.  A cable  scheme  is  first  examined,  Fig.  3.9, 
for  testing  with  model  III. 

In  the  cable  system,  as  the  others  considered,  the 
carriage  travels  on  a way  independent  of  the  propulsion  scheme. 
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ACCELERATION, 


Fig.  3.8  Variation  of  Acceleration  with  Period  for  Sinusoid 
as  a Function  of  Half  Amplitude. 
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MODEL 
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Fig.  3.9 


Schematic  Drawing  of  Test  Facility  Using  Cable- 
Propelled  Models. 
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An  endless  steel  cable  running  between  two  large  sheaves  is 
connected  to  the  carriage,  Figure  3.9.  The  cable  is  accelerated 
by  the  sheave  on  the  motor  end  and  decelerated  by  the  sheave  on 
the  brake  end.  The  carriage  starts  near  the  brake  sheave  and 
stops  near  the  motor  sheave. 

The  sequence  of  events  is  the  following.  A flywheel 
on  the  motor  end  is  overspeeded  and  an  electric  constant-torque 
clutch  is  engaged,  bringing  the  cable  and  carriage  up  to  test 
speed.  Power  supplied  by  the  motor  maintains  speed  during  the 
test.  The  system  is  stopped  by  disengaging  the  drive  clutch 
and  engaging  a constant-torque  clutch  at  the  brake  end. 

A schematic  of  the  carriage  and  model  on  a lathe-type 
way  is  sketched  in  Fig.  3.10a.  The  V-guideway  establishes 
lateral  position  and,  in  combination  with  a plane  guideway, 
vertical  position.  The  cable  passes  through  the  center  of 
gravity  of  the  carriage-model  system  to  minimize  carriage -model 
rotation . 

A side  schematic  is  shown  in  Figure  3.10b.  Hoisting 
rope,  3/8  dia . , constructed  of  plow  steel  provides  a breaking 
strength  of  11,200  pounds.  About  600  pounds  force  is  applied 
to  accelerate  the  carriage,  model  and  cable,  with  additional 
force  to  accelerate  the  driven  sheave  and  maintain  rope  tension. 

The  unknowns  in  this  system  are  the  vibratory  vertical 
and  lateral  forces  applied  to  the  carriage  due  to  whip  in  the 
rope  induced  by  the  initial  acceleration  forces.  To  apply  and 
remove  a 50-g  acceleration  force  to  the  cable  and  isolate  the 
model  to  less  than  0.02  g's  would  require  considerable  care. 
Transmission  of  cable  vibration  might  be  reduced  by  using  hold- 
downs on  the  ways  or  independent  mounting  of  the  cable  attachment 
separate  from  the  model  carriage.  Because  of  these  problems, 
alternate  means  of  propulsion  are  examined. 
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Fig.  3.10  Schematic  Drawing  of  Cable-Propelled  Model  and 
Carriage-Way  System. 
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Fig.  3.10  Concluded 


3.4  ACCELERATE -COAST -DECELERATE  SYSTEM 


Accelerator 

For  model  III  traveling  100  fps , aerodynamic  decelera- 
tion would  be  negligible.  Therefore,  a propulsion  system 
comprising  only  of  an  accelerator  and  a decelerator  is  evaluated. 

A simple  air-piston  accelerator,  adapted  from  gun- 
tunnel  launchers,  is  sketched  in  Figure  3.11.  A ram  attached 
to  the  end  of  a tubular  ram  driver  pushes  the  model  carriage 
from  air  pressure  applied  to  the  face  of  a piston  attached  to 
the  driver.  Air  is  supplied  to  the  air  chamber.  The  driver 
is  restrained  until  the  desired  test  time.  After  the  driver 
is  released,  the  ram  pushes  the  carriage  to  the  desired  speed 
and  is  decelerated  by  the  deceleration  spring. 

The  piston  could  be  constructed  of  a plastic  with 
loose  tolerances  on  the  fit  in  the  cylinder--air  leakage  past 
the  piston  and  bearing,  at  the  opposite  end  of  the  chamber, 
could  be  readily  replenished  by  the  supply  air.  The  model 
speed  would  be  controlled  by  the  initial  pressure  in  the  air 
chamber . 

The  moving  mass  for  model  III  is  1.9  lb.  Allowing 
for  future  increases  in  model  and  carriage  weight  by  a factor 
of  3,  then  5.7  lb.  of  model  and  carriage  system  is  to  be 
accelerated.  A 5-ft  driving  stroke  of  the  ram,  before  reaching 
the  spring,  a 3-in  ID  cylinder  and  a 1-in  OD  driver  would 
require  pressure  of  about  135  psi  to  accelerate  the  model  to 
50-g.  Increasing  the  cylinder  diameter  would  allow  for  accel- 
eration of  larger  models. 
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Fig.  3.11  Sketch  of  Air-Piston  Accelerator  to  Propel  Model. 


Decelerator 


Many  simple  schemes  for  deceleration  of  the  model  and 
carriage  are  conceivable.  Where  space  is  a limitation,  the 
braking  scheme  sketched  in  Figure  3.12  provides  for  nearly 
constant-force  deceleration.  In  this  system,  movable  brake-shoe 
pads  apply  a preset  normal  force  to  the  strut,  between  the  model 
and  carriage,  against  the  fixed  brake  shoes.  The  strut,  passing 
between  the  fixed  and  movable  brake  shoes,  forces  the  adjustment 
nuts  off  their  seats,  enabling  the  springs  to  apply  their  preset 
force  to  the  brake  pads.  A typical  brake-shoe  coefficient  of 
friction  of  0.25,  to  decelerate  a 5.7  lb.  mass  at  50  g's, 
requires  a normal  force  of  1140  pounds,  which  is  a workable 
value . 

The  brake  force  could  be  preset  by  dragging  the  strut 
through  the  brake  channel  and  adjusting  to  give  the  desired 
(moving)  drag  force.  At  high  speed  the  friction  force  could 
decrease,  but  the  adjustment  nuts  could  be  readjusted  empiri- 
cally as  test  speed  is  increased. 

Another  possible  deceleration  device  is  depicted  in 
Figure  3.13.  This  system  basically  employs  a pair  of  automotive 
type  shock  absorbers  connected  through  a pulley  system  to  an 
arresting  cable  which  engages  the  model  strut. 

Assuming,  as  previously,  a model  and  carriage  system 
of  5.7  lbs  to  be  decelerated  from  an  initial  velocity  of  100 
ft/sec  at  the  time  when  the  model  strut  first  engages  the 
arresting  cable,  the  total  kinetic  energy  to  be  dissipated  is 
on  the  order  of  850  ft-lbs.  Calculations  indicate  that  a 
single  automotive -type  shock  absorber  with  an  assumed  piston 
travel  of  5 inches  should  be  more  than  adequate  in  dissipating 
425  ft-lbs  of  energy  within  the  assumed  piston  travel  limitation 
It  appears  that  it  may  be  necessary  to  design  the  pulley  syste” 
with  a mechanical  advantage  sufficient  to  limit  the  piston 
travel  in  the  event  that  the  total  downstream  travel  of  the 
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Fig.  3.12  Sketch  of  Channel-Brake  for  Model  Deceleration. 
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PULLEY  SYSTEM 


Fig.  3.13  Sketch  of  Arresting  Cable  System  for  Model 
Deceleration . 
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arresting  cable  exceeds  the  permissible  shock-absorber  piston 
displacement . 

3.5  FORCE  AND  MOMENT  BALANCE 

The  aerodynamic  forces  and  moments  on  a model  are 
measured  using  the  balance  inside  the  model.  The  balance  is 
attached  to  the  support  on  the  carriage . For  purposes  of 
analyzing  balance  response,  a rigid  model,  strut,  and  carriage 
are  assumed  with  respect  to  lateral  motion. 

Response  Requirements 

For  model  III  traveling  100  fps  through  a 5-ft  wide 
wind  field,  a minimum  natural  frequency  of  the  model  and  balance 
of  100  Hz  is  assumed  for  measurement  of  the  transient  gust- 
induced  airloads.  By  damping  the  balance  mechanically,  or  the 
signal  electrically,  a response  time  of  0.01  second  could  be 
obtained . 

Model  Displacement  Requirements 

Model  displacement  must  be  kept  small  to  maintain  the 
gap  between  the  model  and  track.  For  model  III,  with  a 1.2-in 
width  and  an  estimated  minimum  gap  of  0.02  inches,  a maximum 
lateral  static  displacement  of  0.005  in  is  taken.  Some  displace- 
ment will  occur  in  the  carriage,  etc.,  so  a .002 -in  maximum 
static  displacement  of  the  model  is  budgeted  due  to  the  balance 
deflection . 

Side-Force  Balance 

A conceptual  sketch  of  the  balance  and  model  body  is 
shown  in  Figure  3.14a.  The  balance  is  a cantilever  beam  with 
an  applied  side  force,  Y,  and  yawing  moment,  M . By  suitable 
combination  of  the  strain  gauges  in  a bridge,  the  force  and 
moment  are  measured  individually.  The  design  problem  is  to 
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STRAIN  GAGES 


c.  CUTOUT- BEAM  BALANCE 


Fig.  3.14  Sketch  of  Cantilever  Side-Force  Balance 


achieve  a large  strain,  for  measurement  purposes,  maintaining 
a high  natural  frequency  of  the  system  and  a small  model 
displacement . 

The  simplest  beam  section  is  rectangular  with  strain 
gauges  mounted  on  the  top  and  bottom  surfaces,  Figure  3.14b. 

The  differential  strain  between  the  top  and  bottom  surfaces, 

Ae , is  measured.  Using  semi-conductor  strain  gauges,  Ae  = 

50  pin/in  is  taken  as  a measurable  signal  having  acceptable 
accuracy.  The  lowest  beam  frequency,  f^,  is  plotted  in 
Figure  3.15  as  a function  of  the  depth  of  the  beam  for  prac- 
tical mounting  of  the  strain  gauges.  The  reduced  moment  of 
inertia,  r2 , defined  r2  = J/L2M,  where  J is  the  model  moment 
of  inertia,  L the  model  length,  and  M the  model  mass,  is  taken 
as  unity;  the  frequency  is  relatively  insensitive  to  selection 
of  rQ  near  unity.  The  balance  beam  length  is  1.  The  static 
deflection  of  the  model  nose  is  also  plotted.  To  achieve  a 
natural  frequency  of  100  hz , the  beam  length  must  be  limited 
to  1 in  and  the  beam  depth  must  be  1 in.  This  configuration 
is  unworkable  due  to  model  dimensions  and  the  low  beam 
length/depth  ratio. 

The  advantage  to  be  gained  by  reducing  model  weight 
and  relaxing  measurement  accuracy  is  shown  in  Figure  3.16.  It 
is  assumed  here  model  weight  is  reduced  to  0.5  lb  and  the 
measured  strain  to  20  min/in.  A natural  frequency  of  100  hz 
is  readily  achieved  with  & = 1 in  and  d = 0.16  in.  The  static 
nose  deflection  would  be  less  than  0.002  in. 

A cut-out  cantilever  beam,  Figure  3.14c,  produces  a 
greater  strain  signal,  at  the  expense  of  fabrication  simplicity. 
Basically,  relatively  weak  beam  elements  can  be  employed,  but 
deflection  is  kept  down  by  the  large  moment  arm  between  the 
elements.  By  proper  spacing  of  the  elements,  the  beam  moves  as 
an  elastic  parallelogram. 
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Fig.  3.15  First  Frequency  and  Static  Nose  Deflection  as  a 

Function  of  Dimensions  for  Side-Force  Balance  with 
Rectangular  Beam  Cross  Section.  W=0.9  lb.,  Ae=50uin  in. 
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Fig.  3.16  First  Frequency  and  Static  Nose  Deflection  as  a 

Function  of  Dimensions  for  Side-Force  Balance  with 
Rectangular  Beam  Cross  Section.  W=0.5  lb.,  Ae=20uin/in. 
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The  natural  frequency  and  static  deflection  of  the 
cutout  beam  are  plotted  in  Figure  3.17  as  a function  of  the 
depth  d of  the  elements.  With  i = 1.0  in  and  d = 0.1  in,  a 
natural  frequency  of  300  cps  is  obtained  and  a negligible 
deflection . 

The  variation  of  strain  signal,  Ae  , with  natural 

frequency  is  plotted  in  Figure  3.18.  For  i = 1.0  in  and 

d = 0.1  in,  a value  of  Ae  = 400  (jin/in  is  achievable  for 

f = 100  hz . 
n 

For  similar  requirements  of  natural  frequency  and 
displacement,  the  signal  for  a cut-out  cantilever  beam  is 
about  60  times  as  great  as  for  a rectangular -cross -sect ion 
beam . 


Rolling  Moment 

Figure  3.19  is  a sketch  of  a balance  for  measuring 
rolling  moment.  Cantilever  beams  are  arranged  90°  apart  around 
the  cross  section.  Strain  gauges  on  the  faces  of  the  beams 
measure  beam  bending,  which  is  interpreted  in  terms  of  twist. 

A center  post  is  used  to  take  the  axial  force  of  the  model. 

2 

Using  rolling-moment  data  from  Grunwald  , the  strain 
in  each  beam  for  a 0.9-in  diameter  balance  would  be  greater 
than  the  strain  in  the  elements  of  the  yaw  balance,  so  measure- 
ment of  the  rolling  moment  would  be  relatively  easily  accom- 
plished . 

Yawing  Moment 

The  yawing  moment  is  measured  using  a simple  cantilever 
beam  with  a rectangular  cross  section,  Figure  3.20.  This  con- 
figuration was  discussed  in  the  side-force  measurement,  so  on  Is- 
the  results  are  given. 
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d,  IN. 


Fig.  3.17  First  Frequency  and  Static  Nose  Deflection  as  a 
Function  of  Dimensions  for  Cut-Out-Beam  Side- 
Force  Balance. 
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STATIC  DEFLECTION 


DIFFERENTIAL  STATIC  STRAIN  SIGNAL,  Ae, 


Fig.  3.18  Differential  Static  Strain  Signal  as  a Function  of 

First  Frequency  for  Cut-Out-Beam  Side-Force  Balance. 
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Fig.  3.19  Sketch  of  Rolling-Moment  Balance. 


3-32 


\\\\\\\\\\v\\\ 


A 


section  a-a 


Fig.  3.20  Sketch  of  Yawing-Moment  Balance. 


3-33 


Maintaining  an  adequate  frequency  is  a problem.  A 
beam  with  a length  of  0.5  in  would  give  a frequency  of  93  hz 
and  a deflection  of  the  nose  of  0.002  in.  This  is  marginal, 
but  probably  close  enough  to  be  acceptable. 

3.6  CONCLUSIONS 

To  provide  a laboratory  facility  for  TACV  aerodynamic 
testing  having  correct  simulation  of  side  gust  and  ground 
plane,  provision  for  tests  with  side-rails  and  tests  of  inter- 
ference from  passing  trains,  the  feasibility  of  a scaled  track 
facility  with  moving  models  has  been  examined. 

A facility  capable  of  testing  1-ft-length  models 
(model  III)  to  100  fps  could  provide  adequate  measurement 
capability,  but,  because  of  a low  Reynolds  number,  laminar 
(instead  of  turbulent)  separation  would  probably  occur,  giving 
data  indicating  greater  side  forces  on  a full-scale  TACV  than 
exist.  Model  vibration  from  the  transport  carriage  traveling 
on  support  ways  requires  lathe-bed  tolerances  of  the  ways  in 
the  test  area.  A 25  to  30-ft  track  is  needed:  a 5-ft  section 

to  accelerate  a model,  a 15  to  20-ft  section  for  testing,  and  a 
5-ft  section  for  deceleration.  It  appears  feasible  to  measure 
side  force,  rolling  moment  and  yawing  moment  using  available 
semiconductor  strain  gauges. 

A larger  facility,  capable  of  testing  4 to  5-ft  length 
models  to  250  fps,  would  provide  greater  ease  of  measurement 
and  less  stringent  requirements  on  support  way  tolerance  (equiva- 
lent to  new  runway  construction) . Reynolds  number  simulation 
would  be  ample.  A 120  to  140-ft  track  should  be  satisfactory:  a 
30-ft  section  for  acceleration,  a 60  to  80-ft  section  for  testing, 
and  a 30-ft  section  for  deceleration. 

Developing  the  smaller  facility  (1-ft  models)  first 
is  expected  to  enable  solution  of  test  problems  more  readily 
because  of  the  reduced  size  of  the  facility.  The  instrumenta- 
tion and  vibration  problems  appear  more  difficult,  but,  by 
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relaxing  the  accuracy  requirements  somewhat,  interim  tests  of 
value  could  be  performed. 

For  rapid  acceleration  of  1-ft  models,  a cable  syster 
may  be  workable,  but  vibration  problems  associated  with  cable 
acceleration  must  be  solved.  An  air-piston-and-ram  system 
appears  to  provide  simple  construction  and  controllable  accel- 
eration. For  rapid  deceleration,  either  a brake-shoe  system: 
or  cable  arresting  system  could  be  employed.  The  latter  would 
appear  to  offer  advantages  in  fabrication  simplicity. 
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